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I. INTRODUCTION

P
LANAR characteristic of the microstrip line technology offers substantial advantages with a low cost of fabrication and integrability with other components. The propagation mode in a microstrip line is quasi-TEM, because the medium is inhomogeneous. The quasi-TEM mode propagation is especially problematic when coupled line directional couplers are under consideration. The inhomogeneity of the medium causes the even and odd modes to propagate with different velocities that degrade directivity [1] .
There are several methods to compensate the even mode odd mode velocity differences in microstrip line directional couplers. Podell [2] introduced the wiggly line coupler. In that design, the odd mode travels a longer path; hence it is slowed down relative to the even mode. Dielectric overlays [3] , [4] achieves a velocity equalization as the overlay brings the quasi-TEM mode propagation closer to a pure TEM mode. Lumped element compensation is explored in several works [5] - [7] . Moderate bandwidth and directivity levels were achieved using these methods. A recent work [8] demonstrated a wideband compensation using interdigital capacitors. In another recent work [9] both high directivity and tight coupling were achieved by cascading couplers in a narrow bandwidth. High values of directivity improvement were obtained using voltage cancellation methods. In [10] , [11] termination impedances were adjusted to cancel the transmission to the isolated port. Feedforward compensation was applied in [12] , [13] . Bypass circuits were utilized in [14] . The techniques based on voltage cancellation [10] - [14] Manuscript achieved high directivity values, however the frequency range of the directivity improvement was narrowband relative to the quarter wavelength frequency.
The phase relations between the coupled port and the isolated port have not been explored in the literature. To the authors' knowledge, there is only one reference [13] to a phase difference for a quarter wavelength coupler design, but no analysis is presented about the frequency or dimensional dependence.
Using even-odd mode analysis, we show that the phase difference between the coupling factor and the isolation factor is close to from DC up to the half wavelength frequency. Network analysis also yields that complex isolation factor and the coupling factor of a microstrip coupled line coupler lie along the same vector. This fact presents a high potential to achieve broadband directivity improvement through a voltage cancellation at the isolated port.
This paper aims to obtain wide band high directivity by improving the voltage cancellation methods in the light of the new S-parameter phase relations. Two coupler architectures are investigated for improvement. Using the proposed method, the directivity bandwidth of couplers is significantly increased.
II. EVEN-ODD MODE ANALYSIS
Consider a lossless symmetrical microstrip coupler shown in Fig. 1 . We write the S-parameter matrix of the coupler as (1) where , , , are the reflection, transmission, coupling and isolation coefficients, respectively, all being complex numbers. This coupler can be analyzed using the even-odd mode analysis technique [1] , [15] , [16] . We can write (6) and are the even and odd mode characteristic impedances of the coupled lines normalized with respect to (the reference impedance for the S-parameters). and are the even and odd mode propagation constants of coupler of length .
is assumed to be constant throughout the frequency range. 1 Moreover, we consider couplers with low coupling levels ( dB), so that and . Let be the frequency where is satisfied, i.e., is the frequency where the coupler line length is equal to one eighth of the even mode wavelength. For a better comprehension of the expressions (2), (3) and (4), we simplify them at specific frequencies:
and .
A. For
Using Taylor expansion of (2) around (i.e., for ) we find (7) Equating (7) to zero gives the optimal relationship between the parameters.
(8)
If
, we must choose to satisfy the condition. On the other hand, if which is the case for microstrip coupled lines, we find that . can be explicitly written in terms of and as (9) Alternatively, we can express in terms of and under optimal condition of (8) as (10) 1 Typically, this ratio does not vary more than 5% from the mean value [17] We can write the first two terms of the Taylor series around for the complex coupling and isolation coefficients as
Directivity for , , can be written as (13) The phase difference between the coupling and isolation coefficients is given by (14) with (15) ( 16) In (14) , the term in front of vanishes for or . These imply (17) The second condition in (17) is the same as (8) so we have and . Even if (17) is not exactly satisfied, (14) still predicts a phase very close to since .
B. For
At this frequency we have . Hence, with comparable and . In this case (5) and (6) reduce to
where . Combining (18) and (19) with (3) and (4), the ratio of the coupling coefficient to the isolation coefficient can be written as (20) So, the phase difference at equals (21) Fig. 2 . Phase difference (in radians) between coupling and isolation factors for two couplers specified in Table I . (20) can be ignored, and we find the directivity, , at as (23) which is smaller than . A numerical evaluation of (3) and (4) as depicted in Fig. 2 shows that approximation is actually valid along a wide range:
. It is possible to reach a similar conclusion using the network theory (See Appendix). Hence we can write in this frequency range (24) (8) and the prescribed coupling level. For the 10 dB coupler, the theoretical phase deviation of from is less than 4.2 in . For the 20 dB coupler, the error is smaller than 0.27 in .
III. APPLICATION OF THE PHASE RELATIONS
The inherent phase difference between and in a wide frequency range can be used to achieve broadband directivity by a cancellation at the isolated port of the couplers. Two methods are explored in the following sections. Short length couplers [14] , [18] are utilized as the directivity characteristic is relatively constant for the frequencies lower than the quarter wavelength frequency.
A. Reflected Power Cancellation
In a conventional coupler, the directivity is highly deteriorated by the unmatched loads at the outputs. This condition is generally faced when one desires to monitor forward and reverse power values using detector circuits at the coupled and isolated ports. If the input reflection of the detectors is not low enough, the directivity is severely reduced. For example, the directivity of a 20 dB coupler may easily degrade to 12 dB if the load connected to the coupled port has a return loss of 16 dB. A common solution for this problem is to use two separate couplers, one for the forward, the other for reverse power measurements. Unused ports are terminated perfectly not to degrade the directivity.
On the other hand, if the termination of the unused port is properly chosen, the isolation can be improved. The technique was used in [10] and [11] and narrowband directivity peaks were obtained. In what follows, we present how a broadband directivity improvement can be obtained.
Referring to Fig. 3 and (1) , suppose , , and that the coupled port is terminated with a load of reflection coefficient such that . We can write the modified reflection, , as
since is small. The modified isolation, , is given by (26) Here, the effective propagation constant can be expressed in terms of using the relations between the effective dielectric permittivity and the even odd mode permittivities given in [19] (27) Equation (26) reveals that the isolation can be improved considerably if can be chosen such that (28) where (24) is utilized. By choosing , , and , the modified coupling factor, , is found as (29) Fig. 3 . Coupler with an unmatched load of at port 3 to improve directivity at port 4 using reflected power cancellation scheme. Fig. 4 . Directivity characteristic of the two couplers specified in Table I . since . We note that in the modified coupler of Fig. 3 , the phase difference between and is no longer .
Realization of (28) requires an amplitude response in the form of in addition to the linear phase term. The couplers with a minimized input return loss have a monotonic decreasing directivity characteristic as shown in Fig. 4 . The load impedance shown in Fig. 5 is a good choice to approximately satisfy (28) .
The values of the components in Fig. 5 can be found by equating the impedance of the proposed load to the desired load at two frequencies, and . The impedance at is a pure resistance. The directivity, , at is expressed in (13) . So, we can find the required normalized resistor, as
Equating the impedances at ( )
where is the directivity at . At , . The normalized susceptance and reactance can be calculated by equating the real and imaginary parts of (31) at (32) (33) with . is varied to get differing amounts of improvement in the directivity. Smaller values of give higher directivity but a small bandwidth. Larger values of result in a lower directivity with a larger bandwidth. Fig. 6 shows the resulting normalized bandwidth, , for two different coupling levels as a function of the obtained directivity. Directivity is specified as the minimum value in the frequency range . Fig. 7 depicts the required component values to achieve the desired directivity for the same couplers. For example, for the 10 dB coupler, the directivity is at least 35 dB in the frequency range using components =1.33, =0.6 and =4.4.
B. Forward Power Cancellation
Another technique suitable for bandwidth enhancement through the results of the phase difference analysis is the forward power cancellation. An attenuated version of the coupled signal is forwarded to the isolated port to cancel the signal there. The method was used in [12] , [13] , however the directivity improvement in both works was narrowband. A wideband cancellation is possible as described below. Fig. 8 shows the proposed structure where an equalizer is implemented using a -attenuator with an inductor in one of the arms. The other arm of the attenuator does not have the inductor to keep the input return loss high, since a reflection may reduce the directivity. At high frequencies a properly chosen inductor reduces the attenuation to mimic the desired directivity versus frequency characteristics. The extra phase introduced by the equalizer is compensated by unequal length transmission lines, and . Three resistors of value are utilized to combine the signals at port 3.
Let be the frequency dependent complex transmission coefficient of the equalizer and and be the reflection coefficients as shown in Fig. 8 . If
, the modified isolation coefficient, , is given by
where factor is due to the power combining circuit. So, the required transmission coefficient to nullify is (35) Fig. 6 . Normalized bandwidth versus directivity with reflected power cancellation technique for the couplers specified in Table I . Directivity is satisfied within the frequency band . Fig. 7 . Normalized reactance values using (32) and (33) to achieve the required directivity in Fig. 6 for two couplers. The normalized reactance values are specified at . The capacitive reactance is scaled by is 1.33 for the 10 dB coupler and 2.07 for the 20 dB coupler. Similarly, the modified coupling coefficient, , can be expressed as (36) Fig. 9 . Normalized bandwidth versus directivity with forward power cancellation technique for the couplers specified in Table I . Directivity is satisfied within the frequency band .
since we have from (35) and . In other words, the coupling of the forward cancellation scheme is 6 dB lower than the original coupler. Considering only the first order reflections, the modified input reflection coefficient, , can be expressed as (37) where the last approximation is due to small , , and terms. Similar to the previous technique, we impose perfect directivity at and . At , the equalizer is a pure attenuator. The values of the required resistors can be formulated considering that the attenuation level should be equal to . The normalized resistor values are
where is given by (13) . The value of and the length difference can be found by the conditions at . The normalized reactance, is found as (40) where is the uncompensated directivity at . is the phase difference necessary to compensate the positive phase caused by specified at
The couplers listed in Table I are simulated to check the bandwidth capability of the forward power cancellation technique. The results are shown in Fig. 9 . A better performance is obtained compared to the reflected power cancellation scheme. For Fig. 10 . Normalized values to achieve the directivity for two couplers using the forward power cancellation scheme shown in Fig. 8 . The reactance and phase values are specified at . The phase value is scaled by 20 to improve readability.
, respectively are 1.33, 3.44 for the 10 dB coupler and 2.072, 1.258 for the 20 dB coupler. example, the directivity of the 10 dB coupler can be increased to 35 dB in the frequency range . Fig. 10 shows the component values to achieve the required directivity.
IV. EXPERIMENTAL RESULTS
Couplers are designed and implemented for experimental verification. RO4003 3 substrate with a thickness of 0.8 mm is used with a coupled section length of and a gap of . Coupled lines are added on both sides of the main line 4 to get independent coupled and isolated ports as depicted in Fig. 11 . For input at port 1, the coupled port is #3 and the isolated port is #4. For this coupler , , , and at . Fig. 12 shows the calculated (from (3) and (4)) and measured phase differences between the coupling and the isolation . The variation in the measured phase difference is higher than expected, possibly because of the small reflections at 90 bends and at the termination resistor in the isolation measurement. The reflected power and the forward power cancellation schemes are implemented as shown in Fig. 13 . The component values are found from the equations of Section-III. With less ambitious directivity goals, these values can be used directly. But for higher directivity values, a modification in values is necessary to take care of the parasitic effects such as transmission line bends, junction discontinuities, via hole inductors, unintended couplings and the parasitics of the lumped elements. An optimization is performed using the microwave circuit simulator and an electromagnetic simulator 5 for the final values.
For the reflected power cancellation scheme, the coupler is designed to give a directivity of 40 dB. For this directivity target, we estimate from is realized with a microstrip line of 0.6 mm width and 10 mm length. is realized with a shorted microstrip line of 0.8 mm width and 13 mm length.
Simulated directivity responses are displayed in Fig. 14 verifying the predicted and values for both schemes. Fig. 15 presents the coupling responses. We note that the coupling value itself is not constant for less than or , a characteristic of short length couplers [18] . In this frequency range, the coupling of the reflected cancellation scheme follows that of the original coupler, while the coupling of the forward power cancellation case is approximately 6 dB lower as expected. The simulated input return losses of the reflected and the forward cancellation schemes are close to the original one as seen in Fig. 16 . The insertion losses are better than 0.5 dB for both cases.
Measured directivity responses are given in Fig. 17 . The reflected power cancellation scheme has directivity of 40 dB in the band . On the other hand, the forward power cancellation method gives the same directivity in the band . Figs. 18 and 19 show the measured coupling, return loss and insertion loss responses. The measurements are in good agreement with the simulation results.
V. CONCLUSIONS
An interesting phase relation of microstrip coupled line couplers is explored. It is shown that the phase difference between the coupling and the isolation coefficients is very close to in a wide band. This characteristic is suitable for directivity enhancement using two different methods proposed in this paper. The required component values for both methods can be calculated by the given analytical expressions.
For the given directivity, the reflected power cancellation scheme gives a smaller bandwidth compared to the forward Network analysis yields that a reciprocal, lossless, matched four-port network is a directional coupler with infinite directivity [15] . Unfortunately, this is an idealized situation: For real life couplers the directivity is finite since the four-port matching constraint is not satisfied perfectly although the reciprocity condition is valid and the loss can be kept at very small values.
The lossless condition dictates the following relation between the S-parameters [15] if otherwise
where denotes the complex conjugate operation. Using (1) 
which is a well known characteristic of the couplers. Using (50) and (51) we rewrite (44) and (45) as
Rearranging these equations we get (54) Since we arrive at
For example, in a microstrip coupler with a directivity of 14 dB, coupling of 20 dB and return loss of 30 dB, the deviation of from is less than 0.16 radians . If the return loss is 40 dB, the deviation reduces to 0.05 radians .
